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ABSTRACT: The crystal structures of the molecular complexes between two serine proteinases and two of
their protein inhibitors have been determined: subtilisin Carlsberg with the recombinant form of eglin-c
from the leech Hirudo medicinalis and subtilisin Novo with chymotrypsin inhibitor 2 from barley seeds.
The structures have been fully refined by restrained-parameter least-squares methods to crystallographic
R factors (Z||F,| = |F|l/Z|F,)) of 0.136 at 1.8-A resolution and 0.154 at 2.1-A resolution, respectively.
The 274 equivalent a-carbon atoms of the enzymes superpose with an rms deviation of 0.53 A. Sequence
changes between the enzymes result in localized structural adjustments. Functional groups in the active
sites superpose with an rms deviation of 0.19 A for 161 equivalent atoms; this close similarity in the
conformation of active-site residues provides no obvious reason for known differences in catalytic activity
between Carlsberg and Novo. Conformational changes in the active-site region indicate a small induced
fit of enzyme and inhibitor. Some conformational differences are observed between equivalent active-site
residues of subtilisin Carlsberg and a-chymotrypsin. Despite differences in tertiary architecture, most
enzyme-substrate (inhibitor) interactions are maintained. Subtilisin Carlsberg has a rare cis-peptide bond
preceding Thr211 (Gly211 in Novo). Both enzymes contain tightly bound Ca?* ions. Site 1 is heptacoordinate
with the oxygen atoms at the vertices of a pentagonal bipyramid. Site 2 in Carlsberg is probably occupied
by a K* ion in Novo. Conserved water molecules appear to play important structural roles in the enzyme
interior, in the inhibitor 5-sheet, and at the enzyme—inhibitor interface. The 62 equivalent a-carbon atoms
of the inhibitors superpose with an rms deviation of 1.68 A. Sequence changes result in somewhat different
packing of the a-helix, 3-sheet, and reactive-site loop relative to each other. Hydrogen bonds and electrostatic
interactions supporting the conformation of the reactive-site loop are conserved. The 24 main-chain plus
C” atoms of P, to P,’ overlap with an rms deviation of 0.19 A. Features contributing to the inhibitory nature
of eglin-c and CI-2 are discussed.

Subtilisin Carlsberg was the first bacterial serine proteinase
to be discovered (Linderstrem-Lang & Ottesen, 1947). It
consists of a single polypeptide chain of 274 amino acids, M,
27292 (Smith et al., 1968) with extensive sequence identity
with subtilisn Novo (Figure 1a). Recently, solution of the
crystal structure of proteinase K (Péhler et al., 1984) dem-
onstrated that this fungal enzyme also belongs to the subtilisin
family. Subtilisins Novo and Carlsberg have broad substrate
specificities with preferences for large aromatic or aliphatic

' This research was generously supported by a group grant from the
Medical Research Council of Canada. C.A.M. gratefully acknowledges
the Alberta Heritage Foundation for Medical Research for financial
support. The work described in this paper forms part of the doctoral
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Present address: Department of Structural Biology, Biozentrum,
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amino acids in the P, position of the substrate.! The catalytic
triad, histidine, aspartic acid, and serine, has a similar but not
identical spatial arrangement in the subtilisins and the chy-
motrypsin family of serine proteinases (Kraut et al., 1972;
Wright, 1972). These two families of enzymes form one of
the best-known examples of convergent evolution, with com-
pletely different tertiary structures providing the framework
for a similar disposition of active-site residues.

Eglin-c is a protein inhibitor of serine proteinases isolated
from the leech Hirudo medicinalis (70 amino acids, M, 8092;

! Nomenclature of Schechter and Berger (1967). Amino acid residues
of substrates or inhibitors are numbered Py, P,, P;, etc. toward the N-
terminus and P/, Py, etc. toward the C-terminus from the reactive-site
bond (the peptide bond in the substrate or inhibitor cleaved by the en-
zyme). The complementary subsites of the binding region on the enzyme
are numbered S;, S,, etc. and S/, Sy, etc.

© 1988 American Chemical Society
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10 20 30 . 40 50
Carlsberg TIVP YG|I P LII KAIDKVQRA F K A[NV KV AV|L T Q A[S H P D L|IN[(V(VIG G A S|F
Novo S[VPYG|VS QI KAIPALHS YT SINVKVAV[I s D S|S HP D L|K[VIA[G G A S|M
60 * 70 80 90 100
Carlsberg VIA G -AYNT[DIG GIHGTHVAGTVARALID TTGVLGVAPSVSLYAVKVLNSSE
Novo VIP S T NPF QID|N SIHGTHVAGTVAALIN SIIGVLGVAPS|IA|ISLYAVKVL|GAD|G
110 120 130 140 150
Carlsberg S G|S|Y S|G VSIGIEWAITT GIMDVINMSLGG|AISG ST M Q/A V D[N Y|AIR|IGVV VY
Novo S G|QlY s|w I NJGIEWAI|I A N[MDVINMSLGG|PISG S|A L A|A V D(K VIAlS|IGVV VY
160 ¢ 170 180 190 200
Carlsberg A AAGN|S §|S G S|{TN I|GYPAIKYIDISVIAVGAVD S SINSNRASFSSVGIAELIE[VMA
Novo AAAGNIE T|S G S[S § VIGYP|GIKYIPISVIAVGAVDSISNQIRASFSSVG|PIEL|IDIVMA
210 ¢ 220 » 230 240 250
Carlsberg PGIAGVYISTY TINIT|Y|A T LINGTSMASPHVAGAAALILSKHPN[LSASIQVR[NRI|L
Novo PGIVSIQISTL GIN|K|IY|GAYINGTSMASPHVAGAAALILSKHPNWTNT|QVR{SSI|L
260 270 275
Carlsberg S S(T|A|T|Y|L G|S|SFYYGKGLINVIEIAAAQ
Novo E N|rjT|T|X|L G|D|Ss FY YGKGLINVI|QAAARQ a
10 20 30 40 50
Eglin TEFGSELIKSF|P E|VIVGK|TIVIDQ REYFTLHY QYDVYF
CI-2 (2,V,5,SYKX KPEGVNTGAGDRHNLIKTEMWPE|LIVGK|S|V|IEE KKVILQDK EAQIIV
60 70 722 80
Eglin L P|E SPIVTILDL Y N|IR V R|V YNPGTNVVNH|VPIH|VG
CI-2 L P|V TIIVTIMEY I D|IR V R|L VDK-LDNTIAQ|VPIR|IVG b

FIGURE 1: (a) Amino acid sequences of subtilisins Novo and Carlsberg. Subtilisin Novo is chemically identical with subtilisin BPN’. The
amino acid sequence of subtilisin Novo, deduced from the DNA sequence (Wells et al., 1983), shows the following changes from the published
protein sequence (Olaitan et al., 1968): Pro56 — Asn56, Asn57 — Pro57, Asp61 — Asn61, Ser88 — Ala88, Ala89 — Ser89, Asp98 — Ala98,
Ala99 — Asp99, Ser158 — Thr158, Thr159 — Ser159, GIn251 — Glu251. The sequence of subtilisin Carlsberg shows one change from the
published protein sequence (Smith et al., 1968): Asn158 — Ser158. These changes are observed in the electron density maps of the two enzyme
structures. There are 82 amino acid changes between the two enzymes and one deletion; thus, they are 70% identical. Spatial equivalence
places the deletion at Thr55 (Novo), although it was assigned to Pro56 (Novo) on the basis of sequence homology alone. Identical residues
are boxed. Residues with rms deviations in a-carbon position of less than 1.0 A after superposition of the molecules are underlined. Residues
of the catalytic triad are denoted with an asterisk. cis-Peptide bonds (1) occur between Tyr167 and Prol68 in both enzymes and between
Pro210 and Thr211 in Carlsberg. (b) Amino acid sequences of CI-2 and eglin-c. The amino acid sequence of CI-2 was determined by Svendsen
et al. (1980) and that of eglin-c by Seemiiller et al. (1980). CI-2 is subject to hydrolysis during purification between Asn11I and Thr12I,

Gly15I and Aspl6l, and Argl7I and His18I (Svendsen et al., 1980). The inhibitors have 31% sequence identity.

Seemiiller et al., 1977, 1980) (Figure 1b). It is a member of
the potato inhibitor 1 (PI-1)? family of inhibitors, most of
whose members lack stabilizing disulfide bonds (Melville &
Ryan, 1972; Svendsen et al., 1982). Eglin-c is a strong in-
hibitor of mammalian leukocyte elastase, cathepsin G, and
chymotrypsin (K; ~ 107! M) but not of other mammalian
proteinases tested (Schnebli et al., 1985). It forms very tight
inhibitory complexes with several subtilisins. On the basis of
its inhibitory properties, it is a potential candidate for the

? Abbreviations: «,, calculated structure factor phase; B-factor,
thermal motion parameter = 87202, where [? is the mean square am-
plitude of vibration; CI-2, chymotrypsin inhibitor 2 from barley seeds;
CI-2-SN, molecular complex between inhibitor CI-2 and subtilisin Novo;
EC-SC, molecular complex between inhibitor eglin-c and subtilisin
Carlsberg; |F,|, |F|, observed and calculated structure factor amplitudes;
I, an I follows the residue numbers of amino acids of the inhibitors to
distinguish them from those of the enzymes; OMTKY3, third domain of
the turkey ovomucoid inhibitor; PI-1, potato inhibitor 1; rms, root mean
square; SGPA, SGPB, Strepromyces griseus proteinases A and B; SSI,
Streptomyces subtilisin inhibitor.

treatment of disease conditions such as emphysema and sep-
ticemia (Seemiiller et al., 1986). In the kinetic studies and
the present structure determination, the genetically engineered
product N-acetyleglin-c was used (Rink et al., 1984). Chy-
motrypsin inhibitor 2 (CI-2) from the seeds of the Hiproly
strain of barley is a second member of the PI-1 family
(Svendsen et al., 1982). CI-2 is 31% identical in sequence with
eglin-c (Figure 1b) and also lacks disulfide bonds. It is a strong
inhibitor of subtilisins and chymotrypsins but not of trypsin
(Svendsen et al., 1982).

The molecular structures of eglin-c and CI-2 have been
solved in complex with two different subtilisins: eglin-¢ with
subtilisin Carlsberg (EC-SC) (McPhalen et al., 1985a) and
CI-2 with subtilisin Novo (CI-2-SN) (McPhalen et al,,
1985b). Both complexes have been further refined subsequent
to the initial structure reports (McPhalen, 1986). The final
crystallographic R factors® are 0.136 for EC-SC (data in the

3 R, = T||F| = |Fell/X|Fol, where |F,| and |F| are the observed and
calculated structure factor amplitudes, respectively.
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resolution range 8.0-1.8 A) and 0.154 for CI-2-SN (8.0-2.1
A). The crystal structure of uncomplexed native CI-2 has been
completed at 2.0-A resolution (McPhalen & James, 1987).
Comparison of the free CI-2 structure with that of its com-
plexed form reveals increased ordering and some conforma-
tional changes of residues near the reactive site that take place
on forming complexes with subtilisins. A second determination
of the structure of an EC-SC complex at high resolution has
been published recently (Bode et al., 1986, 1987).
Crystallographic (Read & James, 1986) and biochemical
studies of other families of serine proteinase inhibitors show
that they perform their function by means of tight binding to,
and slow release from, their cognate enzymes (Laskowski &
Kato, 1980). Eglin-c and CI-2 are believed to function via
the same mechanism, but without the stabilizing disulfide
bridges that flank the reactive-site region in other inhibitor
families. Despite high sequence identities among reactive-site
regions of different inhibitor families, regions distant from the
reactive site show little sequence or structural similarity.
In this paper we present analyses of the fully refined
three-dimensional X-ray crystallographic structures of the
EC-SC and CI-2-SN complexes. The structures of the two
enzymes and inhibitors are compared, as well as the two sets
of enzyme—inhibitor interactions. Factors contributing to the
inhibitory nature of eglin-c and CI-2 are discussed. The re-
fined coordinates of both complexes have been deposited with
the Brookhaven Protein Data Bank (Bernstein et al., 1977).

METHODS AND RESULTS

Crystals of the complexes EC-SC and CI-2-SN were grown
as described previously (McPhalen et al., 1985a,b). X-ray
intensity data collection and processing were carried out as
for free CI-2 (McPhalen & James, 1987). The maximum
corrections for absorption and decay respectively were for
EC-SC 1.48 and 1.42 and for CI-2-SN 2.09 and 1.11. The
method of molecular replacement (Rossmann, 1973) was used
to solve the phase problem for both complexes (McPhalen et
al., 1985a,b), using the fast rotation function (Crowther, 1973;
program modified by E. Dodson) and the translation function
of Fujinaga and Read (1987). All electron density maps
calculated for these structures had coefficients 2m|F,| — D|F,
phases o, where m and D are factors to suppress model bias
resulting from phasing by partial structures with errors (Read,
1986). The MMS-X interactive graphics (Barry et al., 1976)
with the macromolecular modeling system M3 (Sielecki et al.,
1982) was used for map interpretation and model fitting.

The restrained-parameter least-squares refinement method
of Hendrickson and Konnert (1980) was used to refine the
atomic parameters of EC-SC and CI-2-SN. The parameters
restrained and the general strategy of refinement are similar
to those for penicillopepsin (James & Sielecki, 1983) and
SGPA (Sielecki et al., 1979). The refinement was carried out
on the FPS164 attached processor, using a version of the
refinement program PROLSQ modified locally by M. Fujinaga.

The refinement parameters from the final cycle for EC-SC
and CI-2-SN are given in Table I. The restraints on the final
structures are tight, and the rms deviations from ideal values
are small. Difference electron density maps with coefficients
m|F | - |F,|, phases «, were computed at the completion of
refinement for both complexes and were essentially featureless.
The accuracy of the atomic coordinates in the fully refined
EC-SC and CI-2-SN structures was estimated with the ¢,
plot of Read (1986). The o, plot gives an overall estimate
of the coordinate errors in the structure based on a derivation
similar to that of Luzzati (1952), but using more realistic basic
assumptions. The overall mean coordinate error for EC-SC

MCPHALEN AND JAMES

Table I: Final Refinement Parameters and Results

EC-SC CI-2-SN
no. of cycles 57 71
R factor 0.136 0.154
resolution range (A) 8.0-1.8 8.0-2.1
no. of reflections {1 > ¢(I)] 27094 16128
no. of protein atoms 2450 2451
no. of solvent atoms? 167 167
no. of variable parameters 10636 10640
(Il = 1Felb 17 67
(coordinate shift) (A) in final cycle  0.005 0.012
(B factor shift) (A?) in final cycle  0.22 0.25

rms deviations from ideal values®
distance restraints (A)
bond distance
angle distance
planar 1-4 distance
plane restraint (&)
chiral-center restraint (A%)

0.009 (0.008)
0.027 (0.016)
0.031 (0.016)

0.006 (0.008)
0.024 (0.016)
0.018 (0.016)
0.017 (0.012)  0.013 (0.012)
0.146 (0.080)  0.119 (0.080)

¢ Including Ca?* ions in the total. ®The values of o, in parentheses,
are the input estimated standard deviations that determine the relative
weights of the corresponding restraints [see Hendrickson and Konnert
(1980)].
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FIGURE 2: Variation in B factor along the polypeptide chain. Heavy
lines denote the mean residue B factors of main-chain atoms and light
lines those of the side-chain atoms. Vertical lines separate enzyme
and inhibitor residues. No B factors are given for inhibitor residues
before 211; they are not seen in either electron density map. The mean
overall B factor for the atoms of EC-SC is 12 A? and that for CI-2-SN
is 13 A2, Horizontal bars indicate a-helical regions; the arrows mark
the reactive sites of the inhibitors. (a) EC-SC. (b) CI-2-SN.

from this method is 0.07 A; that for CI-2-SN is 0.21 A.
Figure 2 shows mean residue B-factors as a function of position
along the polypeptide chain for each complex. It may be used
to obtain an estimate of the accuracy of a specific region for
each structure. Regions with main-chain B-factors above the
mean for a complex are all external loops. Residues forming
the active sites of the enzymes and the reactive-site loops of
the inhibitors have some of the lowest B-factors in the com-
plexes.

Secondary structural elements of the proteins were defined
in two ways: first, on the basis of characteristic hydrogen-
bonding patterns (maximum donor—acceptor distance of 3.4
A, maximum donor-proton—acceptor angle of 125°) and ¢,
¥ angles; second, by the electrostatic interaction energy method
of Kabsch and Sander (1983). The agreement between these
two methods for both complex structures is very good.

The main-chain torsion angles ¢ and ¢ for most residues
in both complexes fall well within conformationally allowed
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FIGURE 3: cis-Peptide bond preceding Thr211. Stereoview of the electron density in the region of the second cis-peptide bond in subtilisin
Carlsberg between Pro210 and Thr211. The electron density was contoured at a level of 0.60 e/A2. The corresponding residues in subtilisin
Novo are Pro210 and Gly211, with a normal trans-peptide bond between them. The ¢—y angles for Gly211 in subtilisin Novo are 70° and

40°, not an unusual conformation for a glycine.

FIGURE 4: Subtilisin Carlsberg main-chain atoms and the hydrogen bonds between them (dashed lines). The active site is at the front of this
view, and every 10th residue is numbered. Side chains are shown for the catalytic triad, Asp32, His64, and Ser221.

regions (Ramakrishnan & Ramachandran, 1965), with major
clusters in the a-helix and 8-sheet regions. The residues other
than glycines that are outside the allowed regions (11 in EC-
SC, 10 in CI-2-SN) are mainly found in irregular turns or
segments of unclassified structure, often in regions of weak
electron density. The final electron density maps calculated
for the complexes are generally of excellent quality (see Figure
3). Some regions of poor density remain; all of the residues
with weak density are on the surfaces of the enzymes or the
inhibitors, and many have side chains protruding out into the
solvent. For detailed information on the structure solution,
refinement, error analysis, and quality of both complex
structures, please refer to McPhalen (1986).

DiscUsSION

The fully refined models of the EC-SC and CI-2-SN
complexes have acceptable stereochemistry and correspond-

ingly low R factors, indicating good agreement between the
structural models and experimental observations. These re-
fined high-resolution structures have been analyzed for details
of hydrogen bonding, secondary structure, geometry of the
enzyme active sites, and interactions between the enzymes and
the inhibitors.

Subtilisin Structures. Subtilisin is a globular protein that
is approximately heart-shaped. The active site is located in
a relatively shallow depression on the surface of the molecule.
The basic folding of the Carlsberg molecule is the same as that
described for the unrefined Novo (Wright et al., 1969; Drenth
et al., 1972) (Figure 4). It is divided into two domains by,
a central seven-stranded parallel 3-sheet (Table II, Figure 5).
The larger domain contains a bundle of seven a-helices packed
against one face of the 3-sheet, with five of the helices running
approximately antiparallel to the strands of the sheet. The
smaller domain contains the remaining two «-helices, also
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FIGURE 5: Connectivity and packing of the strands of the central
parallel S8-sheet (squares) and the a-helices (circles) in subtilisins
Carlsberg and Novo. Labels correspond to those used in Table II.
Helices C and F are essentially buried; the remainder are amphipathic
and lie on the surface of the molecule. The approximate position of
the active site is indicated by the side chains of the catalytic triad;
the calcium binding loops are marked with Ca?*.

Table II: Secondary Structural Elements of Subtilisin Carlsberg?

residues involved

(1) Val26-Asp32, (2) Gly46-Phes50, (3)
Ser89-Val9s, (4) Aspl20-Met124, (5)
Vall48-Alal53, (6) Ile175-Vall80, (7)
Vall198-Gly202

antiparallel 8-sheet Val205-Tyr209, Thr213-Leu217

B-bridges® Gly128, Tyr167, Alal79-Aspl81,
Asn185-Alal87, Thr255, Gly266-Ile268

(A) Tyr6-Ilell, (B) Alal3-Alal8, (C)
Gly63-Ala74, (D) Ser103-Asnll17; (E)
Ser132-Argl45, (F) Ser224-His238, (G)
Ser242-Ser252, (H) Ser259-Gly264, (I)
Asn269-Ala274

Thr220-Ser224

Pro9-Lys12, Gin36-His39, His39~Leud2,
Ala85~Val88, Asn97-Gly100, Tyr143Gly146,
Tyr171-Vall74, Asp181-Ser184,
Alal187-Ser190, Gly193-Leul96,
His238-Leu241, Ala272-GIn275

Gly23-Val26, Val51-Glu54

Ser159-Thr162, Tyr263~Gly266

Pro5-Ile8, Vall6~GIn19, Glnl7-Gly20,
Pro168-Tyr171, Gly219-Met222,
Thr220-Ala223, Ala223-His226,
Ser224-Val227, Ser259-Tyr262

2The elements of substilisin Novo are essentially identical. Due to
bifurcation or irregularity in hydrogen-bond patterns, some residues
participate in more than one secondary structural element. ®g-struc-
ture involving only two hydrogen bonds (Kabsch & Sander, 1983).
“The turn type is assigned on the basis of the ¢,—y, and ¢;—5 angles
(Crawford et al., 1973).

element

parallel 8-sheet

a-helices

helical turn
type I turns®

type II turns
type II’ turns
type III turns

packed antiparallel to the 3-sheet. For those helices in sub-
tilisin that pack one against the other, the average crossing
angles are as follows: B/F, +35°; C/F, -35°;, D/E, +14°;
G/F, +116°; 1/F,-31°; G/I, +129°. According to the protein
taxonomy of Richardson (1981), subtilisin has a doubly wound
parallel a/8 structure. Both Carlsberg and Novo contain a
highly unusual left-handed S« crossover connection between
strands 2 and 3 of the parallel 8-sheet (Richardson, 1976).
In addition, they contain a rare interrupted helix (Richardson,
1981); the C-terminal residue of helix C is Ala74 but, on the
basis of hydrogen-bonding parameters and ¢—J angles, residues
Val84 and Ala85 can be considered a continuation of the helix.
The segment of chain that interrupts the helix is the loop
Leu75 to Gly83 that forms part of Ca?*-binding site 1 (see
below).

Subtilisin Carlsberg contains two cis-peptide bonds
(McPhalen, 1986). The first is between Tyr167 and Prol68,
corresponding to a cis-peptide found in the same position in
Novo. The second is between Pro210 and Thr211 (Figure 3).
Both of the cis-peptides in Carlsberg, as well as the corre-
sponding bonds in Novo, are located between residues i + 1

MCPHALEN AND JAMES

and / + 2 of 5-membered reverse turns on the surface of the
molecule. cis-Peptide bonds preceding proline residues have
been observed for about 25% of all proline residues in protein
crystal structures; they are found much more rarely before
other residues due to energetic and conformational restrictions
(Ramachandran & Mitra, 1976). Only four cis-peptide bonds
preceding residues other than proline have been reported
previously in reliable protein crystal structures (Creighton,
1983), although more are being seen as investigators come to
believe that they are a rare but reasonable conformation.

Superpositions of Subtilisins Carlsberg and Novo. A global
least-squares superposition (program of W. Bennett) of the
274 structurally equivalent C* atoms in the two refined enzyme
structures (omitting Thr55 of Novo) gives an rms deviation
of 0.53 A, a relatively small value that indicates substantial
similarity between the two structures. Seventeen C*’s differ
in position by more than 1.0 A, two of these by just over 2.0
A (53 and 159): residues 16~20, 52-56, 131, 132, 159-162,
and 211.

Residues 16—20 are part of helix B on the surface of the
enzyme, far from the active site. The difference in the positions
of helix B in the two enzymes is most likely due to changes
in the amino acid sequences in this region between Carlsberg
and Novo, resulting in differences in helix packing (Figure 6).
Residues 52-56 are part of the loop containing Thr55 in Novo
(deleted in Carlsberg). This is an exterior loop with relatively
high B factors. Although the deletion of Thr55 is accompanied
by sequence changes in six of the eight residues flanking it,
the differences in the positions of the main-chain atoms are
restricted to residues 52-56 (Figure 7). Residues 131 and
132 are part of an exterior loop that changes position in concert
with a change in the position of the side chain of Tyr104. The
different tyrosine side-chain positions may result from contacts
with the P, side chain of the bound inhibitors (see on En-
zyme—Inhibitor Interactions). Residues 159-162 are part of
poorly ordered external loops in both enzymes. Residue 211
is the threonine preceded by a cis-peptide bond in Carlsberg;
the equivalent residue is a glycine in Novo.

There are 82 amino acid differences between subtilisins
Carlsberg and Novo (Figure 1a). The effects of these sequence
changes on the structures of the enzymes were investigated
by examining the two molecules overlapped with the global
orientation matrix. About 40% of the differences are in
residues that lie on the surface of the molecule and protrude
into the solvent; they have a negligible effect on the course
of the protein backbone. Another 15% are in surface crevices
or the protein interior, but the changes are conservative and
the side chains occupy essentially the equivalent volume in each
enzyme. Several changes are less conservative in terms of the
space occupied by the side chains, but hydrogen-bonding atoms
overlap closely, e.g., the substitutions (Carlsberg to Novo)
Thr33 — Ser33, Thr78 — Ser78, Ser183 — Asnl83, and
Ser242 — Thr242.

In several cases, a single amino acid change from Carlsberg
to Novo is nonconservative but is compensated by another
change close by in space; the net effect of the changes is that
two side chains together occupy the equivalent volume in each
enzyme. Examples of this are Tyr57 and Asn58 in Carlsberg
occupying the equivalent space of Asn56 and Phe58 in Novo
(Figure 7), Asn97 and Ser99 to Gly97 and Asp99, Tyr143 and
Ala243 to Vall43 and Asn243, Glu197 and Ser251 to Asp197
and GIn251, and Leu241 and Arg249 to Trp241 and Ser249.
A somewhat more elaborate compensatory substitution is that
of Gly63, Tyr209, and Leu217 in Carlsberg for Ser63, Leu209,
and Tyr217 in Novo (Figure 8). Residue 217 forms part of
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FIGURE 6: Major conformational difference in helix B of the two subtilisins (thick lines correspond to Carlsberg, thin lines to Novo). The
enzymes were superposed by the global orientation matrix. Residues of helix C and part of the Ca?* binding loop (Gly70-Ser87), helix F,
and part of helix I superimpose closely. Residues Gly7-Phe21 occupy different positions. Amino acid substitutions at positions 8 (Val to Ile),
14 (Pro to Asp) and 16 (Leu to Val) from Novo to Carlsberg allow for a different placement of helix B against the protein core. The differences
are as large as 1.5 A in the region of residues 17-19.

FIGURE 7: Conformational differences in the region of the deletion at Thr55 (thick lines are residues of Carlsberg; thin lines represent Novo).
The strands of polypeptide in Carlsberg and Novo underlying the surface loop (Ala29-Ala37, Tyr91-Val95, Gly46-Phe50, and Ile107-Trp113)
agree extremely well in position. Note also the compensatory effects of the amino acid differences Ala56, Tyr57, and Asn58 in Carlsberg
and Asn56, Pro57, and Phe58 in Novo and how the residues’ side chains occupy equivalent volumes. Main-chain atoms of residues 52-56

differ in position by over 1.0 A; those of 57 and 58 differ by less than 0.4 A.

the S,’ binding site (McPhalen et al., 1985b). Altogether, only
localized structural changes are correlated with amino acid

Table III: Hydrogen Bonds of the Catalytic Triad

; : N-H-0
differences .between Carl§berg 'and No_vo3 with the exception bond? NeO (&) H-O (&) (deg)
of the positional change in helix B. Similar observations on His6d N«
the “plasticity” of protein structures have been made for Novo, Ser221 O7 273 154
proteins altered by limited site-directed mutagenesis (Mat- Carlsberg, Ser221 O7 2.68 165
thews, 1987) chymotrypsin,® Ser195 O” 2.51 175

S irs Rood His64 N :
,fictwe:’-Stte Regions of Subtilisins Carlsberg and Novo. The I;Jovo, Asp32 O 311 2.20 150
active sites of Novo and Carlsberg may be compared after Novo, Asp32 O% 2.79 1.83 159
functional groups in the region are overlapped (Figure 8, Table Carlsberg, Asp32 O:1 3.14 2.27 145
III). Even residues not directly involved in substrate binding ChaﬂSbe'g’ “_\SPiz ?022 o %;6/2 };; }g;
and catalysis have almost identical conformations, and the rms As;;émg}lr ypsin, Asp ' :
deviation between the two sets of atoms (0.19 A) is close to Novo, 0352 O 2.72
the estimated error in atomic positions for the Novo structure. Carlsberg, 0334 O 2.64
After superposition of the active sites, the main-chain atoms Chymobtrypsin, Ser214 O7 2.61 1.61 175
of the loop from Leu96 to Ser105 still differ by 0.6-1.3 A. Asp32 O
Consider; h losely th f th . . . Novo, Ser33 NH 2.71 1.79 153
onsidering how closely the rest of the active-site regions Carlsberg, Thr33 NH 2.69 181 145
overlap, this is a significant difference that points to an ad- chymotrypsin, Ala56 NH 276 2.29 107
justment of this part of the active site to the conformation of chymotrypsin, His57 NH 2.85 1.93 151

different inhibitors. The loop lies closer to the inhibitor in
Carlsberg than in Novo. In the crystal structure of the native
Novo, this loop was described as very mobile and flexible

4His64 and Asp32 are equivalent to His57 and Aspl02 in a-chy-
motrypsin. 2The values for a-chymotrypsin are from its structure in
complex with OMTKY3 (Read et al,, 1984; Fujinaga et al., 1987).
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FIGURE 8: Superposition of active sites of subtilisins. All main-chain and C? atoms (except glycines) of Leu31-Gly34, Asn62-Thr71,
Met124-Gly128, Alal51-Asnl55, and Leu217-His225 were overlapped. These segments include sequences flanking the catalytic triad and
residues forming the walls of the S, specificity pocket and the oxyanion hole. The rms deviation in position of these 161 superposed atoms
is 0.19 A. Subtilisin Novo is drawn with thin lines, Carlsberg with thick lines. The residues of Carlsberg are labeled.

F189

FIGURE 9: Superposition of subtilisin Carlsberg and a-chymotrypsin active sites. The active sites of the enzyme were superposed by a least-squares
fit of the side chains of the catalytic histidine and serine residues, C of the histidine and C* and N of the serine, plus the main-chain atoms
of the P; and Py’ residues of the respective inhibitors. The rms deviation of the 19 superposed atoms is 0.46 A. a-Chymotrypsin is drawn
with thin lines, subtilisin Carlsberg with thick lines. The residues of Carlsberg are labeled.

(Drenth et al., 1972; Wright et al., 1969). The different
positions of the loop in the two enzyme-inhibitor complexes
may indicate some degree of induced fit in the formation of
the complex. The position of the loop may also be affected
by two sequence changes between the enzymes. The substi-
tution of Thr33 (Carlsberg) for Ser33 (Novo) introduces an
extra buried methyl group next to Leu96 as a possible source
of steric crowding and conformational change (Figure 7). The
deletion of Thr55 in Carlsberg is associated with small con-
certed positional changes of several segments of polypeptide
chain, including the loop from Leu96 to Ser105 (Figure 7).

Overall, the few changes in the active-site region may have
some effect on the specificity or strength of substrate—inhibitor
binding, but the general similarity of the catalytic apparatus
and binding sites indicates that there should be little difference
in catalytic activity between Carlsberg and Novo. Thus, the
observed differences in the ratios of esterase to proteinase
activity (Barel & Glazer, 1968) must be due to more subtle
conformational differences than those discussed here or to
other factors such as differences in the electrostatic environ-
ment of the two active sites, Russell and Fersht (1987) have
shown that site-specific mutations of charged residues (posi-

tions 99 and 156) that are within 15 A of the catalytic triad
of Novo to the corresponding neutral residues of Carlsberg
can affect catalytic activity. The mutant enzymes showed
increased pK, values for the His64, Asp32 pair, altered k.,
values, and increased k,,/Ky values for substrates.
Subtilisin Carisberg and a-Chymotrypsin. Previous com-
parisons of the active-site regions of the native subtilisin Novo
and a-chymotrypsin concluded that the geometry of the cat-
alytic triad was virtually identical in the two enzymes (Wright,
1972; Kraut et al., 1972), although the overall folding of the
molecules is different. A similar comparison has been made
between subtilisin Carlsberg from the complex with eglin-c
and a refined a-chymotrypsin structure from the complex with
OMTKY?3 [R factor = 0.168 for data 8.0~1.8 A (Read et al.,
1984; Fujinaga et al., 1987)] (Figure 9). The a-chymotrypsin
from an enzyme—-inhibitor complex was chosen to minimize
possible differences in the conformation of catalytic residues
as a result of substrate-inhibitor binding. The side chains of
the two active-site histidines and serines, His64 and Ser221
in Carlsberg and His57 and Ser195 in a-chymotrypsin, su-
perpose well. The active-site aspartates, Asp32 and Aspl02,
are quite different in position and orientation (Figure 9). The
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angle between the planes of the two carboxyl groups in the
overlapped proteins is 60°, and their hydrogen-bonding in-
teractions are quite dissimilar (Table III). Other comparisons
between the active sites pertain to enzyme—inhibitor interac-
tions and are discussed below.

Solvent Structures. The final refined model of EC-SC
includes 167 solvent molecules; 164 of these have been refined
as water molecules and the remaining 3 as Ca2* ions. CI-
2-SN also contains 167 solvent molecules, including 2 refined
as Ca?* ions, but the solvent structure in the 2 complexes is
not identical. Calculation of the amount of solvent to be
expected in the asymmetric units of the crystals indicates that
only about 15% of the solvent has been modeled. This low
percentage is due in part to the highly conservative criteria
used for choosing and retaining less ordered solvent in the
models. A number of solvent molecules are conserved between
the CI-2-SN and EC-SC complexes. If the complexes are
superposed by the global orientation matrix of enzyme «-
carbon atoms, 45 water molecules overlap within 1.0 A. Some
of the conserved waters are of special functional importance
to the enzyme, the inhibitor, or the complex; these are de-
scribed in the appropriate following sections. From the global
superposition, 33 water molecules are conserved in crevices
on the enzyme surfaces. Six of these lie in a crevice close to
Leu75 and the loop forming the binding site of Ca?* ion 1 (see
below). An acetone molecule from the crystallization medium
was observed in this region of the native subtilisin Novo
(Drenth et al., 1972; Hol, 1971). Overlaps of individual
secondary structural elements of the molecules indicate that
the water structure on the surfaces of the complexes is more
highly conserved than indicated by the global superposition.
For example, superposition of helices D plus E of the two
enzymes reveals 10 additional waters bound to the helices in
equivalent positions.

The majority of the ordered water molecules lie on the
surfaces of the complexes or in crevices in contact with other
water molecules. Waters with less than 1% of their surface
area accessible to bulk solvent (Lee & Richards, 1971) can
be considered buried; 19 water molecules meet this criterion
in Carlsberg and 16 in Novo. Several of the buried water
molecules conserved between the two enzymes are located
behind the active sites, interacting with polar side chains buried
in the hydrophobic protein interior. The side chains of His67,
Thr71, and His226 form hydrogen bonds with a channel of
eight well-ordered waters that leads to the surface near the
N-terminus of the enzyme. One buried water molecule is
hydrogen-bonded to the side chains of Asn123 and the catalytic
Asp32 (Table III).

Two monovalent cation-binding sites have been described
previously for subtilisin Novo (Drenth et al., 1972). During
the course of the structure refinement of the present subtili-
sin—inhibitor complexes, three solvent sites in the Carlsberg
enzyme and two in Novo refined rapidly to occupancies of 1.0
and low B factors when their scattering contributions were
included as water oxygen atoms (McPhalen, 1986). Subse-
quently, all of these ion sites were refined as Ca?* ions [18e,
scattering factor of Cromer and Mann (1968)] with no re-
straints on the Ca?* to O ligand distances. The final occu-
pancies and B factors of the three Carlsberg ions are 1.0 and
8 A2 for jon 1, 0.91 and 10 A2 for jon 2, and 0.88 and 13 A2
for ion 3. Those for Novo are 0.97 and 10 A2 for ion 1 and
0.72 and 28 A2 for ion 2. Subtilisin Novo is known to be
stabilized by Ca?* (Matsubara et al., 1958). Many other
extracellular proteinases are stabilized by Ca2* ions as a
protection against autolytic degradation (Kretsinger, 1976;

Table IV: lon Coordination Geometry in Subtilisins

mean mean
Ca¥*..0 0-C-O
ligand distance angle®
site ion ligands position A) (deg)
1 Gln2 04, Asp4l O%,0%, equatorial 2.4 73

Asn77 0%, Val81 O
Leu75 O, Thr79 O axial 2.4 91
2 Carlsberg

Tyr171 O, Vall74 O, equatorial 2.6 86
2'H,0

Alale9 O axial 2.6 106

Novo

Tyr171 O, Vall74 O, equatorial 2.9 67
Asp197 0%2,Glul95 O

Gly169 O, 1 H,0 axial 2.9 91

3 Ala37 O, His 39 O, Leu42 2.8

0,2 H,0

4For equatorial ligands, measured with respect to neighboring
equatorial ligands. For axial ligands, measured with respect to all
equatorial ligands.

Bode & Schwager, 1975; Read & James, 1988). Any calcium
ions present in these structures of Carlsberg and Novo pre-
sumably were copurified with the proteins, since no calcium
was added to the crystal growth solutions.

The coordination geometry of the ions is given in Table IV,
and stereoviews of some of the ion-binding sites are shown in
Figure 10. In both Carlsberg and Novo the high occupancies,
low B factors, and mean ion to oxygen ligand distance of 2.37
and 2.40 A, respectively, are strongly suggestive that ion site
1 is occupied by a Ca?* ion (Einspahr & Bugg, 1981, 1984).
A least-squares superposition of equivalent atoms in the several
enzyme residues that are Ca?* ligands [all atoms of GIn2,
Aspdl, Leu75, Asn77, Val8l, and the main-chain and C#
atoms of Thr79 (Ile79 in Novo)] gives an rms deviation of 0.14
A. The two Ca?* ion positions agree to within 0.12 A, sig-
nificantly smaller than the rms coordinate error of subtilisin
Novo. This Ca?* binding loop is remarkably similar in both
enzymes but has been deleted in the structurally similar
proteinase K (Jany et al., 1986).

The other two ion-binding sites in Carlsberg are less well
conserved in Novo. Site 2 in Novo has weaker electron density
and a mean ligand distance of 2.91 A, more typical of K*--O
(Brown & Shannon, 1973) or H,0--O distances (Table IV).
The geometry of this site in Carlsberg is that of a tetragonal
pyramid, whereas in Novo it is a pentagonal bipyramid with
one empty equatorial site. Site 3 in Carlsberg has a relatively
high occupancy and low B factor, but the mean ligand distance
of 2.85 A is again more typical of a K* ion. In Novo the
equivalent position is occupied by a well-ordered water mol-
ecule (occupancy = 1, B factor = 14 A?) with three protein
ligands.

Inhibitor Structures. The eglin-c and CI-2 molecules are
oblate ellipsoids of revolution and can be described as
wedge-shaped disks (Figure 11), similar in size and shape to
the avian ovomucoid inhibitors (Fujinaga et al., 1982;
McPhalen et al., 1985b; Read & James, 1986). The re-
active-site loop forms the narrow end of the wedge. The
reactive-site bond is Leu591-Asp60I in eglin-c and Met591-
Glu60I in CI-2 (residue numbering as in Figure 1b). The
polypeptide chain fold of eglin-c is similar to that of CI-2, but
both are different from the tertiary organization of the ovo-
mucoid inhjbitors and other known inhibitor families (Mar-
quart et al., 1983; Hirono et al., 1984; Read & James, 1986).
The assignment of secondary structural elements in the in-
hibitors has changed somewhat from our initial structure re-
ports (McPhalen et al., 1985a,b); further refinement has al-
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FIGURE 10: Ton-binding sites in the subtilisins. (a) Ca?* binding site 1 in Carlsberg. Residues of helix C are seen at the bottom of the figure.
A loop from Ala74 to Gly83 extends out from the helix to form the binding site. Four residues from this loop plus the side chains of Asp41
and GIn2 donate the oxygen ligands; there are no water molecules in the ligand field. This site is heptacoordinate (continuous thin lines) and
is a slightly distorted penta§onal bipyramid (Table IV). Hydrogen-bonding interactions (dashed lines) provide additional stabilization of the
loop conformation. (b) Ca®* binding site 2 in Carlsberg. The average ion to oxygen distance would indicate that it is intermediate between
a Ca?* site and a K site. It is approximately a tetragonal pyramid with a rectangular base (Table IV).

FIGURE 11: All non-hydrogen atoms of eglin-c, including only residues seen in the electron density map of the EC-SC complex, Leu211-Gly831.
The main chain is drawn with heavy lines, side chains with light lines. Every fifth amino acid residue is labeled.

tered some hydrogen-bond assignments. The secondary in the loop containing the insertion of Gly72A in eglin-c (Table
structural elements of CI-2 and eglin-c are very similar, except V).
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Table V: Secondary Structural Elements of Eglin-c and CI-2

element

eglin-c CI-2

parallel B-sheet
antiparallel 8-bridges
type I turns

type II turns
type III turn

Asnd7I-GluS531, Asn641-Tyr701

Lys221-Phe24I, Lys301-Val32I,
Asn741-Val76l, Pro801-Val821

a-helix Thr311-Tyr431

Pro251-Val28I, Tyr431-Tyr46I,
Arg621-Arg651

Val271-Lys301, Pro52I-Ser551

Phe24I-Val271

unclassified hydrogen bonds between main-chain atoms Gly291-Val76l, Arg621-Gly83I,

GIn471-Val531, Asp641-Val70I

Thr221-Trp24I, Lys30I-Val32l, Phe69I-Asp711,
Asp741-Ala771, Pro80I-Val821

Ser311-Lys431

Lys431-Ala461, Arg62I-Arg65I, Asp711-Asp741

Leu271-Lys301
Trp24I-Leu271
Gly291-1le761, Arg621-Gly83I, Gly831-Argé65I

Asn711-Val751, Asn74I-Asn711

FIGURE 12: Bridging water molecules in the 8-sheet of eglin-c. Strand 2 of the parallel 3-sheet and the C-terminal strand of eglin-c are shown,
with the water molecules providing hydrogen-bonding bridges (dashed lines) between them.

The body of each inhibitor is composed of an «-helix of 13
residues, packed against an irregular four-stranded mixed
parallel and antiparallel 3-sheet. The sheet in eglin-c is made
up of Lys221-Phe24I at one edge, with two antiparallel hy-
drogen bonds to the C-terminal strand, and strands 1 and 2
of the parallel §-sheet. The C-terminal strand is connected
to strand 2 only by a set of well-ordered water molecules
participating in linking hydrogen-bonding bridges (Figure 12).
These strands in CI-2 are linked by conserved water molecules
in the same way, as well as by two additional hydrogen bonds
between main-chain atoms (McPhalen, 1986). The conser-
vation of these waters in both complexed inhibitors, as well
as in the more flexible free CI-2 (McPhalen & James, 1987),
indicates that they play an important role in the structural
integrity of this family of inhibitors. The arrangement of the
four B-strands has the characteristic twist of 3-sheets, and the
a-helix lies in the curvature created by the twist, with the helix
axis antiparallel to the direction of the two parallel strands.
The hydrophobic core of the molecule is the interface of the
sheet and the helix, formed by residues Phe24I, Val271,
Val32l, Ala35I, Phe391, Val66l, Val68l, Val761, Pro80I, and
Val82I (eglin-c sequence). All these residues have less than
10% of their surface area accessible to bulk solvent (Lee &

Richards, 1971; Shrake & Rupley, 1973). Other partially
buried residues (<25% accessible) contribute to the hydro-
phobic core: Tyr38I, Tyr43l, Tyr46l, Val48I, PheS0I, Leu51I,
and Tyr70l. Being small proteins, both inhibitors have a
similar number of hydrophobic residues partially or fully ex-
posed on their surface.

The broad loop containing the reactive-site bond lies on the
opposite side of the 8-sheet from the «-helix. The second
strand of parallel 3-sheet contains Arg65I and Arg671, residues
with extended side chains that provide part of the hydrogen-
bonding network that supports the extended conformation of
the loop (Figure 13). The other residues involved in the
network for eglin-c are Thr581, Asp60I, Arg621, Gly83I, and
one tightly bound water molecule (0372). The hydrogen-
bonding capacity of all residues is fully used; 12 of the 15
possible hydrogen bonds of these residues form the network,
while the remaining 3 are to the enzyme or other tightly bound
water molecules. The three positive charges of the arginine
side chains are balanced by Asp60I and the carboxylate of the
C-terminal Gly83I; they are also partially accessible to bulk
solvent.

Pyramidalization of the carbonyl carbon atom of the re-
active-site bond indicates how far an enzyme-bound inhibitor
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FIGURE 13: Hydrogen bonding of the reactive-site loop in eglin-c. Dashed lines indicate hydrogen bonds. Side chains of residues not involved

in hydrogen bonding have been omitted for clarity.

has moved along the reaction pathway toward a tetrahedral
intermediate. A review of many serine proteinase—inhibitor
complexes (Read & James, 1986) concludes that although
small distortions of this bond are observed, the size of the
distortion is comparable to the coordinate errors of the
structures. In eglin-c the torsion angle w (C*~C—N,;1;—C%41)
is 170° (175° in CI-2), close to the expected value of 180°.
The 6* angle (out-of-plane bending of the carbonyl oxygen with
respect to C2, C, and N) of Leu591 is ~3.7° (-0.03 A deviation
from the plane), indicating that no detectable pyramidalization
has taken place.

In spite of restraining the atoms of all of the peptide linkages
to planarity (see Table I), larger deviations in 8* are seen in
other residues of EC-SC [rms deviation 2.5°, corresponding
to a displacement of the carbonyl carbon atom of 0.02 A; the
maximum @ is at Asn184 (-8.6°, -0.07 A)]. The corre-
sponding values for CI-2-SN are rms deviation 1.9° (0.02 A),
maximum at Glué0I of 6.0° (0.05 A). The values for the
scissile peptide in CI-2 are 0.6° (<0.01 A).

Superpositions of Eglin-c and CI-2. The structures of
eglin-c and CI-2 were overlapped by a least-squares super-
position of structurally equivalent a-carbon atoms, Lys22I-
Pro721 and Thr731-Gly831. The rms difference in position
for these 62 C*’s is 1.68 A. Iteration of the least-squares
process and gradual removal of the most widely separated pairs
of atoms from the calculation leads to an rms deviation of 0.73
A for 39 of the 62 a-carbon pairs. Residues included in the
calculation of this final rms deviation are Lys22I-Lys30I
(eglin-c sequence), GIn45I-Glu531, Leu591-Asn711, and
Val761-Gly831. The regions of best agreement between the
two inhibitors are thus the four strands of 3-sheet and the
second half of the reactive-site loop.

The a-helices overlap poorly. The residues of the a-helix
show deviations of 1.9-5.2 A between a-carbon atoms. The
helix position differs by an angle of 18° and a translation of
0.8 A between eglin-c and CI-2. In eglin-c, this helix has a
number of packing contacts with symmetry-related molecules
that do not occur in CI-2. These contacts may be partly
responsible for the shifted helix position. However, most of
the change in helix position appears to be due to differences
in the packing of the hydrophobic core between eglin-c and
CI-2. Almost 75% of the residues forming the core are dif-

ferent in the inhibitor sequences (Figure 1b). The core of CI-2
contains 1 aromatic residue and 15 aliphatics; eglin-c contains
7 aromatics and 10 aliphatics.

A model of a “mutated” CI-2 molecule was built by re-
placing the amino acid side chains of core residues by the
corresponding side chains from eglin-c. The CI-2 model re-
tained positions of main-chain atoms and the applicable
side-chain torsion angles of the real CI-2 core residues (pro-
gram of R. Read). The mutated CI-2 molecule was examined
on the MMS-X graphics system. Bad packing contacts in such
a model could indicate whether conformational changes of core
residues are necessary to accommodate the eglin-c sequence.
Three bad contacts were found, all of which could be relieved
by a shift of the eglin-c helix in the direction of the observed
difference. The bad contacts resulted from the substitution
of Tyr46l (eglin-c) for Ala461 (CI-2), PheS50I for Val50I, and
Phe39I, for I1e391. The different position of the helix of eglin-c
also allows a more favorable stacking of the side-chain aro-
matic ring of Tyr381 with those of Phe391, Phe24I, and
His42].

A second segment of eglin-c that deviates in position from
CI-2 in the global superposition of a-carbon atoms is
Gly54I-Thr581, the first part of the reactive-site loop (2.1-
4,1-A difference in a-carbon atoms). The enzyme residues
interacting with this portion of the reactive-site loop,
Gly100-Ser105, are also in different positions between the
active sites of subtilisins Carlsberg and Novo (Figure 8). The
reactive-site loops of eglin-c and CI-2 were overlapped by a
least-squares superposition of the main-chain plus C# atoms
of the P, to P, residues and the main-chain atoms of P,
(proline in eglin-c). The rms deviation of these 24 atoms was
0.19 A (Figure 14). The very close overlap of the reactive-site
loops, including the P, to P’ residues, is in contrast to the
differences seen in this region when the whole inhibitors are
overlapped. The position of the body of the inhibitor relative
to the reactive-site loop thus is different between the two
complexes. A similar difference was seen in the structures of
OMTKY?3 in complex with SGPB and a-chymotrypsin (Read
et al., 1984; Fujinaga et al., 1987) and attributed to a com-
bination of changes in interactions with the different enzyme
active sites and changes in crystal packing contacts. Both
factors may apply to eglin-c and CI-2, and differences in
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FIGURE 14: Superposition of eglin-c and CI-2 reactive-site loops. The reactive-site loops of the two inhibitors were overlapped as described
in the text. CI-2 is drawn with thin lines, eglin-c with thick lines. The residues of eglin-c are labeled.

sequence of the reactive-site loops may also contribute to the
observed conformational differences.

There is one major change between the two reactive-site
loops, the substitution of Asp60I in eglin-c for Glu60I in CI-2.
The Py’ side chain is extensively involved in hydrogen bonding
that presumably stabilizes the conformation of the loop and
the reactive-site bond (Figure 13). P,” is Asp or Glu also in
99 of 100 sequences of avian ovomucoid inhibitors (Laskowski
et al., 1987). The O% of Asp60I and the O% of Glu60I are
0.6 A apart in the superposition (Figure 14); this is relatively
close, since the Asp60I side chain is one carbon shorter than
that of Glu60I. One factor compensating for the shorter P,’
side chain is a difference in x; of 30° and in orientation of
the two carboxyl groups. A second factor is a shift of the side
chains of Arg62l, Arg65], Arg671, and Gly83I toward Asp60I
relative to their positions in CI-2 (Figure 14). A third factor
is the presence in eglin-c of an additional water molecule
adjacent to Asp601 O% (Figure 13). This water molecule
(0372) provides hydrogen-bonding bridges between Asp60I,
Thr581, and Arg651. The total number of hydrogen bonds
in the network and the atoms involved in the bonds are thus
highly conserved between the two inhibitors. This is an in-
dication of the importance of the network to the stability of
the reactive-site loop.

Enzyme—Inhibitor Interactions. Contacts between each
inhibitor and its cognate enzyme in the complex are limited
almost entirely to residues in the reactive-site loop (McPhalen
et al., 1985a). This phenomenon is common to most serine
proteinase inhibitors of known structure (Read & James,
1986). Twelve residues from eglin-c make a total of 134
contacts of less than 4.0 A with 25 residues from subtilisin
Carlsberg (Table VI). Eleven residues of CI-2 make 134
contacts with 22 residues from Novo in the fully refined
CI-2-SN structure. The regular interactions of inhibitors or
substrate analogues bound to serine proteinases are seen in
the EC-SC and CI-2-SN complexes (Figure 15). The side
chain of the P, inhibitor residue (Pro56I in eglin-c, Ile in CI-2)
fits into a hydrophobic pocket on the enzyme surface, bound
by main-chain atoms of Gly127, Gly128, Ser101, and Gly102

Table VI: Contacts of Less than 4.0 A between Subtilisin Carlsberg
and Eglin-c

no. of
residue site contacts® comments
Tyr491 3 hydrophobic, with Ser99 C?
Leu51I 1 close contact with Ser101 O7

Gly54l Pg 17 (1)  close contacts with Tyr104, Gly128,
Alal29, Ser130 (exterior loop)

close contacts with Gly127, Gly128

B-bridge with Gly102; hydrophobic, with
S, binding pocket (Gly127, Gly128,
Ser101, Gly102, Tyr104 side chain,
Ile107 side chain)

B-bridge with Gly127, close contacts with
Glyl100, Serl01, Leul26

B-bridge with Gly100; hydrophobic, with
S, binding pocket (Thr33, His64 side
chain, Leu96, Glyl00)

carbonyl O in oxyanion hole (Ser221,
Asnl55); 3.6 A from NH to Ser125
CO; hydrophobic, with S, binding cleft
(Leul26, Gly127, Ala152, Gly154,
Asnl55); close contacts His64, Asnl55,
Gly219, Thr220, Ser221

close contacts with His64 Asnl55, Asn218,
Ser221

B-bridge with Asn218; hydrophobic, with
Phe189; close contacts with Asnl585,
Asn218

side-chain hydrogen bonds to Asn62; close
contacts with Asn64, His64, Tyr209

close contacts of side chain with Ser99,
Glyl00

4Number of hydrogen bonds included in number of contacts given in
parentheses.

Ser551 Ps 3
Pro561 P, 15 (1)

Vals71 P, 13 (2)

Thrs8I P, 17 (1)

LeuS9I P, 31 (2)

Asp60I P/ 12

Leusll Py  8(1)

Arg62l Py 10 (3)

Arg651 4

and the side chains of Tyr104 and Ile107. The enzyme res-
idues forming the pocket are completely conserved between
Carlsberg and Novo, but the pocket differs in size and shape
between the two. In Carlsberg, Tyr104 takes up an alternate
conformation, rotated 30° in x; and 50° in x, out toward the
solvent (Figure 8). The pocket in Carlsberg thus accommo-
dates the shorter, broader side chain of ProS6I more easily.
Tyr104 is one residue that exhibits conformational flexibility
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FIGURE 15: Interactions between subtilisin Carlsberg and eglin-c. (a) oRTEP drawing (Johnson, 1965) of the active-site region of Carlsberg
(open bonds) and the reactive-site loop of eglin-c (filled bonds). Hydrogen bonds are indicated with dashed lines. The hydrogen bond shown
from the NH of Leu39I (P,) to the carbonyl oxygen of Ser125 is long (3.64 A) and probably weak. This bond is characteristic of an incipient
tetrahedral intermediate (Robertus et al., 1972; James et al., 1980). Part of the stabilization energy for the formation of a tetrahedral intermediate
would be obtained by shortening, and thus strengthening, this hydrogen bond. (b) Diagrammatic representation of serine proteinase~inhibitor
active-site interactions. Shown are specificity pockets and hydrogen-bonding interactions of the subtilisins (left) and of chymotrypsin-like enzymes,

represented by SGPB (right).

among the many mutants of subtilisins made and studied
crystallographically (David Estell and Rick Bott, personal
communication).

The side chain of the P, residue is involved in hydrophobic
interactions with the body of the inhibitor and has no specific
binding site on the enzyme. The binding site for the side chain
of the P, residue (Thr58I) is another hydrophobic pocket
composed of the imidazole ring of His64, C"2 of Thr33 and
the side chain of Leu96 (Figure 15). The O™ of Thr581 is
also involved in the hydrogen-bond network supporting the
reactive-site loop in the bound inhibitor. The P, residue
(Leu591 in eglin-c, Met in CI-2) lies in a relatively open cleft,
bound by hydrophobic regions of Leul26, Glyl27, Alal52,
Gly154, and Asnl55. There are additional hydrophobic in-
teractions between Phel89 and the P,’ side chain (Leu61I in
eglin-c, Tyr in CI-2).

The main-chain atoms of the P,—P, residues in these in-
hibitors form the central strand of a three-stranded antiparallel
B-sheet (Table VII). The flanking strands come from the
enzyme, residues Ser125-Gly127 and Gly100-Gly102 (Figure
15). The third strand of 5-sheet from the enzyme (100-102)
is unique to the subtilisin family and was first described by
Hirono et al. (1984) for the SSI-subtilisin Novo complex. A

Table VII: Hydrogen Bonds (A) in the Active Sites of Serine
Proteinase—Inhibitor Complexes

Carlsberg— Novo- SGPB-  trypsin—-

site eglin-c  CL.2 OMTKY3® PTI®
P¢ I CO-Tyrl104 OH 2.5
P, I NH-Gly102 CO 2.9
P, 1 CO-Gly102 NH 3.4 3.0
P, I NH-Gly127 CO 2.9 3.0 2.9 3.3
P, I CO-Gly127 NH 2.9 3.0 3.0
P, I NH-Gly100 CO 29 3.1
P, I NH-Ser125 CO 3.6 3.4 3.6 3.4
P, I CO-Ser221 NH 32 3.0 3.1 3.1
P, I C-Ser221 O 2.8° 2.7 2.7 2.6
P, I CO-Asnl55 N% 2.8 2.7 2.6 2.9
P, I NH-Asn218 CO 2.8 2.8 2.8
P,’ I CO-0370 O 2.6 27 3.2 3.0

9The equivalent residues from the subtilisins to SGPB and trypsin
are Serl25 — Ser214, Gly127 — Gly216, Asnl55 — Glyl193 NH,
Asn218 — Phedl, and Ser221 — Ser195. Data from Read et al.
(1983). ®Data calculated from coordinates obtained from the Brook-
haven Protein Data Bank (Bernstein et al., 1977). ¢This is the contact
distance from O of the active-site serine to the carbonyl carbon atom
of the scissile peptide.

complete 8-bridge for P, (P4 NH to Gly102 CO and Gly102
NH to P, CO) is present only in CI-2-SN. The Py NH to
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FIGURE 16: Water molecules at the interface of the EC-SC complex. Dashed lines indicate hydrogen bonds. Water molecules with relatively
weak electron density have sequence numbers beginning with 600. Ordered waters in the S, binding subsite are shown.

Gly102 CO bond is missing in EC-SC (P, is a proline), and
Gly102 NH to P, CO is missing in the SSI-subtilisin Novo
complex (Hirono et al., 1984). The backbone of the loop from
Gly100 to Tyr104 and the side chain of Tyr104 form part of
the deep hydrophobic P, binding pocket in subtilisin; these
residues may change position to accomodate different P, side
chains (Pro in eglin-c, Ile in CI-2, Met in SSI) and thus change
the hydrogen-bonding scheme in the different complexes.

Serine proteinase—inhibitor complexes have another im-
portant regulator interaction, seen also in the EC-SC and
CI-2-SN complexes. The carbonyl oxygen of P, lies in the
oxyanion hole, with hydrogen bonds from the main-chain NH
of the catalytic Ser221 and the N% of Asn155 (Table VII).
Development of an enhanced positive charge on the carbonyl
carbon of P, through polarization of the CO bond is believed
to be important in “inducing” the nucleophilic attack of Ser221
in catalysis (James et al., 1980). Thus, a close approach (=22.7
A) of Ser221 O7 to the P, carbonyl carbon is observed in both
complex structures (Table VII). One other feature in the
subtilisins that may have an influence on inhibitor or substrate
interactions is the helix dipole of helix F. The positively
charged end of the dipole points at Ser221 and may enhance
the catalytic action of subtilisin by promoting proton transfer
(Hol, 1985). The helix dipole also provides an additional
stabilizing interaction for the P; carbonyl oxygen in the ox-
yanion hole.

In chymotrypsin-like enzymes the hydrogen bond from
Asnl155 N% to the carbonyl oxygen of P, in the oxyanion hole
is replaced by one from Gly193 NH (Table VII). The side
chains of asparagine residues are normally less rigid in con-
formation than the nitrogen of a peptide bond. Asnl55 is
carefully positioned, however, by additional hydrogen bonds
between its O% and N* and the NH (2.9 A) and O™ (2.8 A)
of Thr220. The B factors of O% (10 A2) and N® (9 A?) reflect
the relatively rigid side-chain orientation; the average values
for the 18 other asparagines in Carlsberg are 23 A2 for O%
and 19 A? for N%,

A number of well-ordered solvent molecules provide a
network of hydrogen-bonding bridges between the inhibitors
and the enzymes of these complexes (Figure 16). Similar
ordered solvent structures have been described for other pairs

of serine proteinase—inhibitor complexes (James et al., 1980;
Fujinaga et al., 1987; Bode & Huber, 1978; Bode et al., 1987).
In the EC-SC complex there are two deeply buried waters
(0350 and O379) that are probably structural to the subtilisin
molecules and would not be displaced even by a larger P,
residue. They are analogous to three water molecules pre-
viously identified in the S; pocket of a-chymotrypsin (Fujinaga
et al., 1987). Seven other waters (0394, 0418, 0406, 0457,
0600, 0601, and 0429) may or may not be displaced de-
pending upon the nature of the P, residue. Waters O378 and
0429 make direct hydrogen-bonded bridges between Carlsberg
and eglin-c. There are fewer ordered waters in the vicinity
of the S, site in the CI-2-SN complex. Two deeply buried
in the S; pocket are analogous to the two in subtilisin
Carlsberg, and one bridges the amide of Asn155 and the
carbonyl of Glu60I analogous to O429. This water also forms
a hydrogen bond to the carboxylate of Gly83I in the CI-2
inhibitor. Further direct hydrogen-bonded bridges are made
by conserved water molecules between the inhibitor P,, P, and
P, residues and the S;, S,, and S,’ sites on the enzymes.

The role of ordered solvent molecules at the interface of
enzyme and inhibitor is difficult to assess in energetic terms.
These waters are not displaced upon the confrontation of the
inhibitor and enzyme, a process that would provide a favorable
entropic term. Many of these water molecules, however, es-
pecially those bridging between groups on the enzyme and the
inhibitor, are contributing to the overall complementarity of
the two interacting surfaces. It is clear that their contribution
will have to be considered when computations of interaction
energies in docking algorithms are designed and developed.

Another Carlsberg-Eglin-c Complex. Recently Bode et al.
(1986, 1987) have presented an independent determination
of the structure of the EC-SC complex, using the inhibitor
isolated from leeches rather than the genetically engineered
product. Although the crystals of Bode et al. were grown from
10% poly(ethylene glycol) solution instead of 0.7 M phosphate,
the space group of both complexes is P, and the unit cell
dimensions are almost identical. Bode et al. present some
details of the enzyme and inhibitor structures that may be
compared with ours. Comparisons of the overall chain fold
and secondary structural elements suggest that the enzymes
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in the two structures are close to identical. The assignments
of secondary structural elements (Table II) differ in minor
points, e.g., the exact residues at which an element begins or
ends.

One important difference between the two enzyme structures
is the nature of the peptide bond preceding Thr211. In our
model, this is an unusual cis-peptide lying in the middle of a
five-membered turn (Figure 3). The B factors of the main-
chain atoms in this turn are all less than 13 A2, and the
main-chain torsion angles of Thr211 are ¢ = —103° and ¥ =
120°. Bode et al. presumably have interpreted this bond as
a normal trans-peptide. In their Ramanchandran plot Thr211
is the only B-branched amino acid with ¢ and ¥ near the
left-handed a-helical regions. A sharp peak occurs in their
plot of main-chain B factors at Thr211, with a maximum of
more than 20 A2, These two factors indicate that the possi-
bility of this peptide also being cis in the Bode structure should
be investigated.

Another region of difference between the two enzyme
structures is the S, binding site. The conformation of Tyr104
in the model of Bode et al. is close to the conformation ob-
served in our subtilisin Novo structure (see above) and in the
subtilisin BPN’ structure used as the model for their molecular
replacement procedure. Tyr104 in our Carlsberg model lies
closer to the enzyme surface with its phenolic ring almost
perpendicular to that of Tyr104 in Novo (Figures 7 and 8).
The peptide bond between Ser130 and Gly131 is reversed in
Carlsberg to accommodate the changed conformation of
Tyr104. The S, binding site in our Carlsberg model is thus
adapted to fit the P, side chain of eglin-c, ProS6I, but retains
its completely hydrophobic character (Figure 15). No ad-
ditional electron density peaks for weakly bound water mol-
ecules were observed in the binding pocket, even at very low
contour levels. Bode et al. see less complete enzyme—inhibitor
complementarity in S, and report an isolated cluster of three
solvent molecules at the bottom of the hydrophobic S, cavity.
The B-factors for residues of the S, region in both Carlsberg
models are in the range of 15-20 A? for main-chain atoms.

Bode et al. compare their subtilisin Carlsberg structure to
the subtilisin BPN’ (Wright et al., 1969) and subtilisin Novo
(Drenth et al., 1972) coordinates deposited with the Brook-
haven Protein Data Bank. In general, the differences and
similarities between the subtilisins that they discuss are the
same as those noted between our Carlsberg and Novo struc-
tures. Detailed comparisons are difficult to make because the
Novo and BPN’ structures from the data bank are unrefined.

The overall shape and folding of eglin-c in the Bode
structure is the same as that described in McPhalen et al.
(1985a). As in the enzyme structures, the assignment of
secondary structural elements in the two inhibitors (Table V)
is generally the same. Bode et al. do not report on the
well-ordered water molecules forming the hydrogen-bonding
bridges between strand 3 and the C-terminal segment of the
B-sheet in eglin-c and CI-2. In the reactive-site loop, differ-
ences of 2-9° are seen in the main-chain torsion angles ¢ and
¥ between the two eglin-c structures. These values are well
within the range of differences observed with other serine
proteinase inhibitors (Fujinaga et al., 1987) and may be due
to the use of different refinement procedures and restraints
for the two complexes. The hydrogen-bonding distances be-
tween residues of the inhibitor reactive-site loops and the
enzyme active sites are identical within coordinate errors. The
geometry of the scissile peptide bond differs slightly in the two
eglin-c models. Bode et al. report some distortion, with w =
158° and an out-of-plane bending angle for the C-O bond (#*)
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of —10.1°. The corresponding values in our model are w =
170° and ¢* = —4.0°, indicating no distortion within coordinate
errors as discussed above.

Overall, despite differences in crystallization medium (salt
vs poly(ethylene glycol) precipitation), data collection tech-
nique {(diffractometer vs film), and refinement procedure
[Hendrickson and Konnert (1980) vs EREF (Jack & Levitt,
1978)], the structures of the two complexes correspond closely,
even down to the details of hydrogen bonding and enzyme-
inhibitor contacts. It will be of interest to make a detailed
comparison of these two independently determined and refined
structures.

Why Are Eglin-c and CI-2 Good Inhibitors? According
to the standard mechanism of action for protein inhibitors of
serine proteinases put forward by Laskowski and Kato (1980),
a good inhibitor binds very tightly to the enzyme (low Ky;)
and is hydrolyzed very slowly (low k). The association rate
constants for eglin-c with human leukocyte elastase and ca-
thepsin G are on the order of 10’ M~! 57!, and the equilibrium
association constants are 101! M (Schnebli et al., 1985). The
rapid and tight association of enzyme and inhibitor is promoted
by the reactive-site region of the inhibitor being held fairly
rigidly in a conformation complementary to the enzyme active
site. The rigidity of the reactive-site region is not absolute,
however, as can be seen by its high B factors in the structure
of free CI-2 (McPhalen & James, 1987). Some loss of rigid
complementarity and tightness of binding may be compensated
by another characteristic of a good inhibitor, broadness of
action. Moderate reactive-site flexibility allows an inhibitor
to act on different enzymes by adapting its conformation to
different active-site architecture.

Despite some reactive-site flexibility, both eglin-c and CI-2
seem to conform to the part of the inhibitory mechanism
requiring tight binding to the enzyme. The complementarity
between their reactive-site loops and the enzyme active site
in the complexes is excellent. The reactive-site loop of the
inhibitors is stabilized by extensive hydrogen bonding within
the inhibitor. The conformations of the loops of CI-2 and
eglin-c are highly similar, as are their interactions with their
respective enzyme’s active site. In the complex, a number of
interactions favor tight binding of the inhibitor to the enzyme.
These include the hydrogen bonding in the two sets of 3-sheet
interactions with subtilisin, as well as extensive hydrophobic
interactions of inhibitor side chains with deep specificity
pockets on the enzyme.

The second required property of a good inhibitor is a slow
rate of hydrolysis. The Kyyq for inhibitors is usually close to
1 near neutral pH (Finkenstadt et al., 1974; Laskowski &
Kato, 1980). Values of K4 are not available for CI-2 and
eglin-c, but the similarity of their interactions in enzyme
complexes to the interactions of other families of inhibitors
indicates that they may share a common mechanism. The slow
rate of hydrolysis of protein inhibitors of serine proteinases
may be due to activation energy barriers at many points in
the reaction.

Eglin-c and CI-2 share several structural features with
ovomucoid inhibitors that may contribute energy barriers to
hydrolysis (Fujinaga et al., 1982; Read et al., 1983). For-
mation of a tetrahedral intermediate may be hindered by the
presence of favorable hydrogen bonds to main-chain atoms
flanking the reactive-site bond (Figure 13). Barriers to re-
laxation of the reactive-site region after hydrolysis are provided
by the stabilizing network of interactions supporting the entire
reactive-site loop. The network may reduce the conformational
freedom of a cleaved inhibitor, analogous to the disulfide



COMPARISON OF PROTEINASE-INHIBITOR COMPLEXES VOL. 27, NO. 17, 1988 6597

linkages in ovomucoid inhibitors. The charges on the new
termini of a cleaved bond could be stabilized through inter-
action with the charged side chains of P’ (negative) and
Arg651 plus Arg671 (positive). The positive end of a helix
dipole in the ovomucoid inhibitors is positioned analogously
to Arg65I. An inhibitor closely related to CI-2, CI-1, has a
phenylalanine residue in place of Arg671 (Svendsen et al.,
1982). CI-1 is cleaved and dissociated from serine proteinases
more rapidly than CI-2, indicating the importance of the
arginine residues to inhibition (I. Svendsen, personal com-
munication).

Although these common structural features among the re-
active-site loops of the inhibitor families are striking, their
actual significance to inhibition is uncertain. Recent kinetic
data (Ardelt & Laskowski, 1985) show that the size of the
overall barrier to hydrolysis may vary over several orders of
magnitude for the same inhibitor with different enzymes. This
indicates that the dominant individual activation energy
barriers are due to enzyme-inhibitor interactions (Read &
James, 1986). The more variable S’ and P’ regions may
interact differently in different enzyme—inhibitor complexes.
For example, the P’ segment may be more hindered by some
enzymes in moving away from the active site after hydrolysis
(Read & James, 1986). Information on such differential
enzyme-inhibitor interactions for eglin-c or CI-2 will require
three-dimensional structures of their complexes with non-
subtilisin serine proteinases.

A model of eglin-c after cleavage of the reactive-site bond
can be built into the active site of subtilisin Carlsberg. Starting
from the coordinates of the intact inhibitor, rotations about
The N—C* bond of P, and the C*~C bond of P’ are sufficient
to move the new termini to nonbonded contact distance. The
carbonyl carbon of P, can be placed about 1.8 A from the OY
of Ser221 to stimulate the acyl enzyme. The side chain of
Leu59I can be adjusted within the broad S, specificity pocket.
Movement of the NH of P,” away from the carbonyl carbon
of P, shifts the side chain of P,” away from its position in the
hydrogen-bonding network, but rotations about x; and x,
restore most of its interactions. No strong conclusions can be
drawn from such a rough model, but it does indicate that the
inhibitor could remain bound to the enzyme after cleavage
without excessive disruption of favorable binding and stabi-
lizing interactions.
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